Dioctahedral smectites are abundant clay minerals in the Earth's surface. They occur widely due to the interface reaction between the constituents of the earth's surface and aqueous solutions, giving rise to more stable secondary minerals. Thus, they have been described as one of the constituents of soils and sediments. They are also found as weathering products of volcanic ash, tuff and other rocks, as hydrothermal products and as diagenetic products in ocean basins. Based primarily on their thermal and chemical properties, Grim & Kulbicki (1961) pointed out the existence of two distinct varieties of Al-rich montmorillonites, namely the Cheto and Wyoming types. More recently, electron-beam techniques have revealed important details about the heterogeneity of smectites (Ramseyer & Boles, 1986; Bouchet et al., 1988; Altaner & Grim, 1990; Singh & Gilkes, 1991; Sánchez-Navas et al., 1998) .
The interlayer composition of smectites is very important in the smectite-illite transition. This transition is a fundamental process which occurs during the diagenesis of all argillaceous sediments and shales and has been studied extensively (Nadeau et al., 1985; Yau et al., 1987; Ahn & Peacor, 1989; Hansen & Lindgreen, 1989; Inoue et al., 1990; Buatier et al., 1992; Nieto et al., 1996; Clauer et al., 1997) . Hower et al. (1976) 
The reaction of smectite to illite, as implied by Hower et al. (1976) , involves the retention of the basic structure of 2:1 layers with the fixation of K in the interlayer sites and the concomitant substitution of Si by Al in the tetrahedral sheet. The K and Al involved in the reaction are considered by these authors to be released by the dissolution of K-feldspar (and/or mica). Other authors supported this theory for the origin of K (e.g. Kirsimäe et al., 1999) . As smectite is generally considered to be originally Ca-or Na-saturated, a significant gain of K must occur. The evolution from Na-Ca-smectite to K-smectite was considered an important prior step in the diagenetic transformation of smectite into illite. Since illite differs from smectite mainly in the Si/Al ratio and K content, the enrichment in K is one of the genetic problems of the development of a rock from sediments. However, smectites having K as the dominant interlayer cation have recently been reported as occurring in many sites, including Gulf Coast mudstones (Freed & Peacor, 1992) , Barbados accretionary wedge bentonites (Buatier et al., 1992) , Nankai Trough bentonites (Masuda et al., 1996) , altered mid-oceanic-ridge basalt (Shau & Peacor, 1992) , marine muds from the Mississippi Delta (Hover et al., 1995) , and bentonite and associated sediments from Kaka Point, New Zealand (Li et al., 1997) .
The aim of this study was to describe the chemistry of clastic-sediment-forming smectites belonging to different sedimentary environments and to compare their interlayer occupancy with Krich smectites previously reported by other authors in order to elucidate when, in their geological evolution, the smectites of clastic materials become K-rich.
M A T E R I A L S A N D M E T H O D S

Materials
Five smectite-bearing materials were collected from different areas. They were chosen as representative of the different steps of the geological evolution of smectites from clastic materials (Table 1) . Sample VS is a subvolcanic derived soil. The parent rock corresponds to small bodies (ophites) forming part of the Mesozoic basic magmatism in the external zones of the Betic Cordilleras, in the south of Spain (PortugalFerreira et al., 1995; Morata et al., 1997) . The mineralogical composition of the parent rock, as determined in thin-section by optical microscopy, reveals the same mineral assemblage as in the soil, but lacking smectite. The soil developed on a quarry abandoned for more than twenty years. The position of the soil implies that the subvolcanic rock was its only source material. Sample MM corresponds to the soil horizon of the alteration profile of the garnet-rich mica-schist formation described by Velilla (1983) . This formation is located in the Mulhacén group of the Sierra Nevada Complex (S. Spain) at >2500 m and no other rock exists at a topographically higher level. Therefore, the garnet-rich mica-schist formation was the only possible source material of the soil. Sample CR was collected at 10 m depth under the water level in the Cubillas Reservoir (Granada Province). This dam is well known to be almost entirely silted up due to the large quantity of fluvial input. This sample is considered as representative of fluvial transported material. (Table 2) have been used to compare their interlayer occupancy with those of the present study. Lower Pliocene sediments from the Alboran basin consist mainly of biogenic and detrital components, with a minor contribution of neoformed mineral phases (Martṍnez-Ruiz et al., 1999) . The bentonite described by Li et al. (1997) corresponds to a bentonitic altered tuff, commonly containing crystal clasts near the base of the section, and relict 'heulanditized' glass shards. The bentonite was collected near the top of the Etalian Stage, Middle Triassic,~700 m north of Kaka Point promontory. The smectite described by López-Galindo et al. (1998) occurred in the Antarctic Tertiary sediments. These sediments contained minerals of detrital origin such as quartz, feldspar, pyroxene, chlorite and mica, as well as smectite and amorphous matter. Calcite, aragonite, ankerite, amphibole and other secondary phases such as pyrite, halite, gypsum and zeolites were also found. Finally, smectite occurring in marls, as described by Nieto et al. (1996) , belongs to Mesozoic-Cenozoic sediments in the BasqueCantabrian Basin, Spain. These sediments were affected by diagenesis at different grades. The smectite-bearing sample was collected from the top of the sequence. Overall, these four sets of samples represent different marine environments ranging from detrital smectites with no transformation in the sedimentary basin to authigenesis during early diagenetic processes, also including the beginning of burial diagenesis.
X-ray diffraction
For bulk mineralogy, samples were air dried and homogenized by grinding in an agate mortar. For clay mineral analyses, the carbonate fraction was removed (CR, GC-0 and GC-2 samples) using acetic acid. The reaction started at a very low concentration (0.1 N), and then increased to 1 N, depending on the amount of carbonate in the sample. The <2 mm fraction was separated by centrifugation. The clay fraction was smeared on glass slides and air dried in atmospheric conditions. The slides were then saturated with ethylene glycol at 808C for 24 h to ensure maximum saturation and heated at 5508C for 1 h. X-ray diffraction patterns were obtained using a Philips PW-1710 diffractometer (with a graphite monochromater and automatic slit) operating at 40 kV and 40 mA, with a scanning speed of 282y/min using Cu-Ka radiation. The relative proportions of clay minerals were calculated after correction for the effect of the automatic slit.
Analytical electron microscopy
Quantitative analyses were performed with a Philips CM20 device equipped with an EDAX solid-state, EDX detector (ultrathin window) in the 'Centro de Instrumentación Cientṍfica' of Granada University (CIC). The microscope was operated at 200 kV in TEM mode for the identification and selection of different grains. Scanning TEM mode was used for quantitative analyses of thin edges of particles using a 4 nm diameter beam and 206100 nm scanning area. Smectite grains were identified by their chemical composition, which in all the studied samples was very different from detrital mica (muscovitic composition). As all the studied soils and sediments are unaffected by diagenetic alteration, illite was absent. Muscovite, Nieto et al. (1996) albite, biotite, spessartine, olivine and titanite were used as standards to calculate K-factors by the thin-film method of Lorimer & Cliff (1976) . Errors (2s), expressed as a percentage of the atomic proportions for the analysed elements, were 6 (Na), 3 (Mg), 2 (Al), 4 (K), 4 (Ca), 5 (Ti), 3 (Mn) and 3 (Fe). A portion of the bulk material, with no previous treatment, was also dispersed in distilled water and then deposited on collodion and carbon films coated on copper grids, then air-dried at room temperature. Due to the overlapping of the L band of Cu and the K band of Na, gold grids were used to analyse Na and to evaluate how copper grids can affect the analysis of Nasmectites and to quantify the interlayer occupancy for further comparison with K-smectites. A long counting time (200 s) was used in both types of analyses (copper and gold grids) since no loss of alkalis was observed during the analysis time. All the Fe was assumed to be in ferric form. Even if some Mg is located in the interlayer sites, no attempt to ascertain its distribution has been carried out and its overall content has been assigned to the octahedral position. Because the real excess over 2 of the octahedral cation population is not known, we are unable to define a valid criterion of this distribution.
R E S U L T S X-ray diffraction data
The bulk mineralogical composition of the studied samples, obtained by XRD, is reported in Table 1 . Semi-quantitative analyses of the clay fraction are given in Fig. 1 . Smectite was the principal clay mineral phase present in all the studied samples, with significant amounts of mica, kaolinite and chlorite, except for the VS sample which contained smectite exclusively. The XRD patterns of the clay fraction after various treatments are presented in Fig. 2 . The GC-0 and GC-2 smectites showed a 14 14.5 A Ê peak, which moved to~17 A Ê after treatment with ethylene glycol, and to~10 A Ê after heating at 5508C for 1 h. The same behaviour was observed in the rest of the samples. However, a peak at 13.75 and 13.93 A Ê remained even after heating at 5508C for 1 h in the GC-0 and GC-2 samples, respectively, indicating the presence of chlorite.
Analytical electron microscope data
The structural formulae of smectites calculated from AEM analyses on the basis of 11 oxygens are listed in Table 3 . These formulae show that both the Si and Al contents vary widely, especially in the subvolcanic derived soil (VS) and the mica-schist derived soil (MM). Silica ranges between 3.23 and 3.86 for the VS smectites and between 3.30 and 3.90 for the MM smectites. The ranges for Mg and Fe are also wide, suggesting that different types of smectites are present, and both can exceed 0.30 a.p.f.u. (atoms per formula unit) in all the analysed samples. The smectite of fluvial input (CR) showed the most homogeneous composition. Regarding the interlayer cations, the analyses show that the smectites have a significant amount of K. A low Na content is not detected due to the overlapping of the L band of Cu and the K band of Na. Therefore, analyses with gold grids were also carried out (Table 4) to quantify more precisely the Na content and to establish a relationship between interlayer cations. The analyses of smectites show no systematic differences from those obtained with copper grids, with the exception of the low Na contents. This element was detected only in two samples VS and CR, when it was the dominant interlayer cation in the former. All analysed smectites in the MM, GC-0 and GC-2 samples are Na free. The compositional variation of smectites is represented in Fig. 3 . The substitution of Al VI by Fe in the octahedral sites varies widely, providing a well-defined inverse relationship between these two elements (Fig. 3a) . A similar negative relationship is also observed between Al VI and Mg (Fig. 3b) . The smectites from the VS sample vary widely and the MM smectites are richer in Al than the rest of the samples. No significant relationship was found between Si and Mg or between Fe and Si (not shown). Nevertheless, there is a poorly defined positive relationship between Fe and Mg, although it is not clear in the continental sediment smectite (GC-2). Finally, there is a weakly defined negative relationship between Al tot and Si. A plot of the octahedral composition of smectite in an AlMg-AlAl-AlFe ternary system (Güven, 1988) shows that the smectite composition for each sample does not fall within a single field assigned to a particular type, but to clusters overlapping different kinds of dioctahedral smectites (Fig. 4) Chemistry of clastic smectites second in a trend between Wyoming-type montmorillonite and beidellite. The MM smectite composition is more aluminous and plots mainly between beidellite and Fe-rich beidellite. Fluvialinput smectites (CR) plot mainly in the field of Ferich montmorillonite. Two distinct clusters can be identified for GC-0 and GC-2 smectites; one of them falls in the Fe-rich montmorillonite field and the other one in a zone of intermediate composition between Cheto-type, Wyoming-type, Fe-rich beidellite and Fe-rich montmorillonite. In general, the scattering of the analyses for all samples approaches the overall field of dioctahedralsmectite composition. The interlayer cations (Na, K and Ca), determined using gold grids, were plotted in the Ca-KNa ternary system (Fig. 5a ). They show a wide range of variation. In the smectite VS, Na is the dominant interlayer cation, whereas in CR smectites different populations coexist; from Na free to Na dominant. The interlayer composition of marine samples in the literature (Table 2) were also plotted (Fig. 5b) . They show different proportions of Ca and Na, but K is clearly the dominant interlayer cation, regardless of whether they are diagenetically altered or not.
D I S C U S S I O N A N D C O N C L U S I O N S
Prior to the development of in situ analysis techniques, data from the chemical composition of minerals were derived exclusively from whole rocks using monomineral samples or from assemblages in which the separation of minerals was possible. The use of the electron microprobe (EMPA) allowed the differences between rock-forming minerals and equivalent minerals previously analysed on separate samples to be studied. Nevertheless, the small size   FIG. 4 . Projection of the smectite composition in the ternary system AlMg-AlAl-AlFe as proposed by Güven (1988) Table 2 . The open square shows the smectite composition proposed in equation 2.
of smectites and their defective nature in sediments made such analyses impossible. Therefore, knowledge concerning the real composition of smectites in soils and sediments was not obtained and it was assumed that the typical smectite composition was that of materials in which they were the only phase or easily separated. Recently, AEM analyses have demonstrated that smectites (coexisting with other minerals) forming sediments or sedimentary rocks can also be analysed. These smectites play an important role in the geological cycle. They are the basic material for the smectite-illite transformation during the diagenesis of sedimentary materials giving rise to illite-bearing sedimentary rocks. Illite is subsequently enriched in K and leads to muscovite during metamorphic alteration of the rock. This is why numerous clay mineralogical studies gave such great importance to the smectite-illite transformation through I-S mixed-layers in both natural (e.g. Amouric & Olives, 1991; Buatier et al., 1992; Nieto et al., 1996; Li et al., 1997; Lindgreen & Hansen, 1991) and experimental (e.g. Huang et al., 1993) studies.
All the models developed for the smectite-illite transformation assumed that smectites were originally Ca-Na-rich and K-poor. The compositions used were based on pure smectite material, and therefore smectite enrichment in K and a concomitant loss of Ca and Na were considered as the first step in the diagenetic transformation of smectite into illite. K-feldspar and detrital mica were considered as the source of the necessary K. Recent studies on marine smectites (Table 2) showed that K was the major interlayer cation (Fig. 5b) . The smectites of continental sediments analysed in this paper (GC-2 and GC-0) showed no differences from their marine equivalents (Fig. 5a) . Therefore, the K-enrichment of smectite must have occurred before diagenesis. Because exchangeable K should be substituted by Na during marine transport, a significant amount of this K is expected to be non-exchangeable in nature.
Regarding the chemistry of the smectites, their composition is partially dependent on the parent rock. In the soils studied, the smectites derived from K-poor rocks such as the VS subvolcanic soil have Na and Ca as the major interlayer cations. None-the-less, some analyses showed significant amounts of K. Smectites derived from K-rich material (MM mica-schist soil) have K as the dominant interlayer cation and are free of Na (Fig. 5a) . Smectites from fluvial input CR are more heterogeneous in their interlayer composition due to the convergence of several kinds of inputs. These smectites may be Na-free and K-rich as in the MM, GC-2 and GC-0 sam pl es or N a-Ca-ri ch. Nevertheless, they always contain a significant amount of K (Fig. 5a) .
A wide range of variation in both octahedral (Figs 3,4) and tetrahedral sheets (Tables 3,4) is exhibited by all samples. There are some relationships between the smectite composition and the parent material. The MM smectites (mica-schist derived soil) are richer in Al, whereas VS smectites (subvolcanic derived soil) are richer in Mg and Fe. However, the range of variation of a given sample may overlap that of all the samples. A plot of octahedral cations in the AlMg-AlAl-AlFe ternary system show that the octahedral composition does not plot within a single field and analyses of a sample can range between beidellite and Fe-rich montmorillonite passing through Wyoming-type, Cheto type and Fe-rich beidellite (Fig. 4) . This means that the composition of each smectite crystal depends not only on the parent rock but also on the particular grain from which it originated. In spite of this wide range of variation, a compositional field of dioctahedral smectites, which always combines montmorillonitic, beidellitic and nontronitic substitutions in different proportions, is well defined. The main variation in this field is that of Al VI vs. Fe and Mg (Figs 3 and 4) , which is probably due to aluminous vs. ferromagnesian parents minerals.
The octahedral compositions of the smectites analysed do not plot within a single field corresponding to just one type of smectite such as those proposed by Güven (1988) . This is probably due to the genetic origin of the smectites used to define the fields of this ternary system. These fields have no significance for clastic-sediment-forming smectites because they are a result of genetic rather than crystal-chemical factors (Fig. 4) . There is a significant difference in the octahedral composition of clastic-sediment-forming smectites in comparison with those previously assumed in theoretical models or used in laboratory experiments. The differences presented in this paper between the actual composition of clastic-sediment-forming smectites and that previously assumed by theoretical and experimental models for the smectite-illite transformation have important implications for this diagenetic process.
Several models have been proposed to explain the smectite-to-illite transformation, all of them assuming that the Ca-Na-smectite transformation into K-smectite is necessary. Nevertheless, significant amounts of K concentrate in the interlayer sites of clastic-sediment-forming smectites before undergoing diagenesis (Tables 3,4) . Therefore, the K necessary for the illite diagenetic formation is lower than previously assumed in the literature. As illite has a higher content of K than smectite, it is only logical to assume that a significant amount of K must be incorporated into the interlayer site of smectite to produce illite. However, some of the Al and Si from smectite, together with Fe and Mg, form chlorite during the smectite-illite transformation (Lee et al., 1985) . The genesis of chlorite from trioctahedral smectite in a similar way to the genesis of illite from dioctahedral smectite is not possible in clastic sediments. This type of origin for chlorite has been studied extensively in volcanic rocks and volcanoclastic sediments. A well-defined evolution from smectite to chlorite through corrensite and smectite/corrensite mixed-layers has been established (e.g. Inoue & Utada, 1991; Shau et al., 1991) . Nevertheless, trioctahedral smectites are absent from all the studied soils and sediments, including the subvolcanic-derived soil (Tables 3,4) Figs 4 and 5) . The composition of illite is a typical one in low-temperature rocks (e.g. Środoń et al., 1986) and falls perfectly in the compositional field recently defined for illite by the nomenclature commission of IMA (Rieder et al., 1999) . For Fe, 0.02 atoms have been considered as Fe
3+
. The resulting ratio between mica and chlorite is in accordance with those frequently observed in very low-grade shales, slates and phyllites. The proposed reaction requires input of less than a third part of the K content of illite (0.21 K + per formula unit) and a concomitant substantial loss of Si along with Ca and Na. These may be consumed, respectively, during the authigenesis of quartz, albite, paragonite and calcite that are also frequent minerals in this kind of rock. The system is considered closed for Al, Fe and Mg. The effect of K activity in the illitization process is well documented. However, the meaning of the proposed reaction is that K enrichment of smectite necessary to produce illite during diagenesis is less than that assumed previously and, therefore, an external supply of K may not be an absolute condition for the development of mature micas.
